Cells have evolved an autoregulatory mechanism to dampen variations in the concentration of tubulin monomer that is available to polymerize into microtubules (MTs), a process that is known as tubulin autoregulation. However, thermodynamic analysis of MT polymerization predicts that the concentration of free tubulin monomer must vary if MTs are to remain stable under different mechanical loads that result from changes in cell adhesion to the extracellular matrix (ECM). To determine how these seemingly contradictory regulatory mechanisms coexist in cells, we measured changes in the masses of tubulin monomer and polymer that resulted from altering cell-ECM contacts. Primary rat hepatocytes were cultured in chemically defined medium on bacteriological petri dishes that were precoated with different densities of laminin (LM). Increasing the LM density from low to high (1-1000 ng/cm2), promoted cell spreading (average projected cell area increased from 1200 to 6000 /Mm2) and resulted in formation of a greatly extended MT network. Nevertheless, the steady-state mass of tubulin polymer was similar at 48 h, regardless of cell shape or ECM density. In contrast, round hepatocytes on low LM contained a threefold higher mass of tubulin monomer when compared with spread cells on high LM. Furthermore, similar results were obtained whether LM, fibronectin, or type I collagen were used for cell attachment. Tubulin autoregulation appeared to function normally in these cells because tubulin mRNA levels and protein synthetic rates were greatly depressed in round cells that contained the highest level of free tubulin monomer. However, the rate of tubulin protein degradation slowed, causing the tubulin half-life to increase from -24 to 55 h as the LM density was lowered from high to low and cell rounding was promoted. These results indicate that the set-point for the tubulin monomer mass in hepatocytes can be regulated by altering the density of ECM contacts and changing cell shape. This finding is consistent with a mechanism of MT regulation in which the ECM stabilizes MTs by both accepting transfer of mechanical loads and altering tubulin degradation in cells that continue to autoregulate tubulin synthesis.
INTRODUCTION
of cell functions including control of cell shape (Joshi Microtubules (MTs) , one of the major filamentous com-et al., 1985) , intracellular transport (Vale, 1990) , and ponents of the cytoskeleton, are involved in a variety cell division (Mitchison, 1990) . MTs are dynamic polymers of tubulin that rapidly polymerize and depoly-1 1 Corresponding author. merize in response to changes in the concentration of mechanism known as tubulin autoregulation. Increases in free tubulin monomer are compensated for by a concomitant decrease in tubulin protein synthesis that, in turn, results from selective destabilization of tubulin mRNA (Ben-Ze'ev et al., 1979; Cleveland et al., 1981 Cleveland et al., , 1983 Caron et al., 1985a,b) . Maintaining a fixed setpoint for tubulin monomer in this manner is consistent with the observation that many cells also tend to contain a constant steady-state mass of tubulin polymer (Kirschner and Mitchison, 1986) .
However, tubulin autoregulation appears to conflict with the structural supporting role that MTs provide in cells. For example, MTs are thought to stabilize specialized cell extensions and support cell spreading by physically resisting mechanical loads that are generated within the surrounding actin cytoskeleton (Ingber, 1993) . Direct evidence that MTs are under compression has been obtained in studies on neurites, and changes in the force applied to MTs have been shown to regulate MT polymerization in these cells (Dennerll et al., 1988) . Thermodynamic analysis of tubulin polymerization predicts that increasing the mechanical load on a MT will result in MT disassembly if the tubulin monomer set-point is held constant (Hill, 1981; Buxbaum and Heideman, 1988) . This occurs because compressing a MT increases the critical concentration of tubulin that is required to maintain tubulin in a polymerized form. Tubulin subunits within the compressed polymer that were previously in equilibrium with free tubulin monomers will be released until the tubulin monomer concentration rises sufficiently to reestablish equilibrium, or the preexisting force balance is regained. Continued force application would be expected to promote rampant MT depolymerization if tubulin autoregulation prevented cells from increasing the concentration of tubulin monomer. Thus, cells would lose the mechanical support provided by MTs precisely when it is needed most. This paradox suggests that either our understanding of cellular tubulin regulation is incomplete, or a simple thermodynamic analysis of MT polymerization in cells that autoregulate tubulin synthesis is incorrect.
One approach to analyze how these regulatory processes interplay is to examine the mechanism of force transfer in living cells. In adherent cells both tubulin polymerization and stabilization of cell extensions appear to be controlled by shifting mechanical loads between MTs and the extracellular matrix (ECM) (Dennerll et al., 1988; Ingber, 1993) . Transfer of cell-generated mechanical loads across transmembrane ECM receptors (Ingber, 1991; Sims et al., 1992; Wang et al., 1993) and between MTs and the ECM has been demonstrated in several cell types (Danowski, 1989; Kolodnoy and Wysolmerski, 1992) . A thermodynamic model of MT polymerization that incorporates complementary force interactions between MTs and the ECM has also been published .
Thus, in an effort to reconcile these two cellular mechanisms for regulating tubulin mass, we measured changes in tubulin monomer and polymer levels that resulted from altering cell-ECM contact formation. Primary rat hepatocytes were cultured on bacteriological petri dishes that were precoated with different densities of purified ECM molecules. We have previously shown that altering cell-ECM contacts in this manner promotes different degrees of cell extension and switches hepatocytes between growth and differentiation (Mooney et al., 1992) . We now show that decreasing the cell's ECM adhesive contacts and inhibiting cell spreading increases the steady-state mass of tubulin monomer, whereas the steady-state mass of MT polymer remains relatively constant. Importantly, tubulin autoregulation appears to function in these cells because a decreased rate of tubulin synthesis is observed in cells that contain a higher mass of tubulin monomer. This effect is offset, however, by a retardation of tubulin degradation, allowing different tubulin monomer masses to be maintained in cells that differ in their ECM contacts.
MATERIALS AND METHODS Hepatocyte Culture
Hepatocytes were isolated from adult male Wistar rats by collagenase perfusion and cultured as previously described (Mooney et al., 1992) . In brief, hepatocytes were cultured on 35-mm bacteriological petri dishes (Becton Dickinson, Lincoln Park, NJ) precoated with 1-1000 ng/cm2 of laminin (LM) (Collaborative Research, Bedford, MA), fibronectin (FN) (Cappel, Malvem, PA), or type I collagen (CI) (Collagen, Palo Alto, CA) as previously described (Mooney et al., 1992) . This method reproducibly results in surfaces with defined densities of immobilized ECM proteins (Ingber, 1990) . Cell-plating densities were varied to obtain '-2500 adherent cells/cm2 at 48 h under all conditions. Unattached cells were removed after 24 h by washing plates with defined medium, and the number of adherent cells at assay points was quantitated using a Coulter counter after exposure to trypsin/ EDTA (GIBCO, Grand Island, NY) . Hormonally-defined, serum free William's E medium (GIBCO) containing insulin (20 mU/ml) (Sigma, St. Louis, MO), epidermal growth factor (10 ng/ml) (Collaborative Research), dexamethasone (5 nM) (Sigma), sodium pyruvate (20 mM) (GIBCO), a mixture of penicillin and streptomycin (100 U/ml) (Irvine Scientific, Santa Ana, CA), and ascorbic acid (50 ug/ml, fresh daily) (GIBCO) was used unless otherwise noted.
Morphological Techniques
To quantitate cell spreading, glutaraldehyde-fixed cells were stained with Coomassie brilliant blue, and projected cell areas were measured with computerized image analysis (Ingber, 1990 ) using a minimum of 50 randomly selected cells for each condition. To visualize MTs, cells were fixed at 37°C in a MT stabilization buffer (MSB) (Caron et al., 1985a) containing 2% formaldehyde, incubated with a rabbit antibody to bovine brain tubulin (Biomedical Technologies, Stoughton, MA) , washed with phosphate-buffered saline, and exposed to a rhodamine-conjugated goat anti-rabbit IgG antibody (Organon Teknika, West Chester, PA). MSB contains 0.1 M piperazine-N,N'-bis(2-ethanesulfonic acid (PIPES) pH 6.75, 1 mM ethylene glycol-bis(l-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 1 mM MgSO4, 2 M glycerol, and protease inhibitors (10 mg/ml leupeptin, 10 mg/ml aprotinin, 0.5 mM benzamidine, 5 mg/ml pepstatin A, 5 mg/ml 0-phenanthroline, 0.5 mM phenylmethylsulfonyl fluoride). Immunofluorescent images of cells were recorded on Kodak (Rochester, NY) Molecular Biology of the Cell TriX-400 film using a Zeiss (Thornwood, NY) Axiophot immunofluorescence microscope.
Quantitation of Tubulin Mass
MTs and total tubulin were extracted from cells using a previously published technique (Caron et al., 1985a (Caron et al., 1985a) .
A dot-blot assay (Mooney et al., 1992) (Laemli, 1970) , except that the pH of the separating gel was adjusted to pH 9.1. Protein from equal cell numbers was loaded in each experiment. The gels were subsequently dried and exposed to Kodak XOMAT film. Laser densitometry was utilized to quantitate the a and f# tubulin bands.
Northern Blot Analysis
Total cellular RNA was obtained using a LiCl/urea modification of the method described by Auffray and Rougeon (1980) . Equivalent amounts of RNA were separated electrophoretically in formaldehydeagarose gels and blotted onto nitrocellulose (Thomas, 1980) . After baking blots were prehybridized overnight at 42°C in lOX Denhardts, 5X SSC, 50% formamide, 5 mM NaPO4, 0.1% sodium pyrophosphate, and 0.5 mg/ml salmon sperm DNA. cDNAs were labeled using a multiprime labeling reaction (Pharmacia, Piscataway, NJ), yielding probes with specific activity > 1 X 109 cpm/lAg. Labeled probes were boiled with salmon sperm DNA and added to blots in hybridization buffer (1OX Denhardt's, 5x SET, 50% formamide, 5 mM sodium phosphate, 0.1% sodium pyrophosphate, and 0.1% SDS). Blots were hybridized at 42°C for 48 h and washed. The probe (generously provided by Dr. Stephen Farmer) recognizes rat ,B tubulin mRNA of 1.8 and 2.9 kilobases (kb) (Bond et al., 1984) . Autoradiographs were prepared by exposing to XOMAT-XAR5 film at -70°C. Equal loading of RNA in each lane was confirmed by subsequently stripping blots by boiling in 1% SDS and reprobing for glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Data Analysis
All statistical analysis of data was performed using Statalyzer software (Brainpower, Agoura Hills, CA) on a Macintosh SE. The Student's t test was used to analyze the significance of the differences between data sets. Tubulin protein half-life was determined by performing regression analysis on exponential fits to the data.
RESULTS

Control of Hepatocyte Spreading and MT
Organization by the ECM Cells were cultured on petri dishes coated with 1-1000 ng/cm2 of LM to vary the density of ECM adhesion sites. Hepatocytes attached to all surfaces, even though serum was never present, but the extent of cell spreading varied with the LM density. The projected cell areas, as measured with computerized image analysis, increased from 1200 to 5800 gm2 as the LM density was raised from 1 to 1000 ng/cm2 (Figure 1 ). This increase in hepatocyte spreading correlated with changes in the dis- amorphous staining filling the central portion of the cell with only occasional MTs apparent at the cell periphery. This amorphous staining pattern was presumably due to a high density of MTs packed within these compact cells. As the LM density was raised, and cell spreading was promoted, individual MTs became clearly visible spreading radially from the perinuclear region to the cell periphery.
Control of MT and Monomeric Tubulin Mass
To quantitate changes in the mass of polymeric and monomeric tubulin in cells cultured for various times on different densities of LM, a dot-blot assay (Mooney et al., 1992) Figure 3A) . In contrast, the mass of tubulin monomer in suspended cells was -80 pg/cell. The tubulin monomer mass also transiently increased by -50% after cell adhesion and then decreased to a steady-state value (unpublished observations). However, the steady-state mass decreased in a dose-dependent manner from 90 to 30 pg/cell as the LM density was raised from 1 to 1000 ng/cm2 ( Figure 3B ). This change in the tubulin monomer set-point inversely correlated with control of cell spreading by the ECM coating density (Figure 1 ), whereas the MT mass appeared to be independent of the ECM density, and thus, cell shape.
Hepatocytes were next cultured on dishes coated with varying densities of FN or CI to determine whether these effects were specific to LM or a general result of varying the density of adhesive contacts and altering cell shape. Cells attached to dishes coated with either ECM molecule, and the extent of spreading was again controlled by varying the ECM density ( Figure 4A ). The steadystate mass of tubulin polymer was similar (35-50 pg/ cell) and did not differ significantly when cell shape was varied by culturing cells on different densities of LM, FN, or CI ( Figure 4B ). Once again, the steady-state tubulin monomer mass decreased as the ECM density was raised ( Figure 4C ). However, cells on a low density of CI contained slightly less tubulin monomer than those on a similar density of LM or FN. Interestingly, cells spread to a slightly greater extent on a low density of CI than on the same density of LM or FN. No significant difference in the tubulin monomer mass or cell spreading was found when hepatocytes were cultured on the highest density of the various ECM molecules.
ECM Density-dependent Control of Tubulin Synthesis and Turnover
The tubulin synthesis rate was next measured to determine whether these alterations in tubulin mass resulted from changes in tubulin translation, as expected in hepatocytes that have been previously reported to exhibit tubulin autoregulation (Caron et al., 1985a) . Immunoprecipitation of newly synthesized (35S-methionine-labeled) tubulin using a monoclonal antibody to A tubulin revealed that hepatocytes that contained the highest mass of monomeric tubulin did exhibit a lower rate of tubulin synthesis ( Figure 5A ). Under these immunoprecipitation conditions a and fi tubulin coprecipitated.
The identity of the two bands precipitated by the anti- Densitometry of a and A tubulin protein bands in autoradiographs from multiple experiments showed that the tubulin synthesis rate was 4.5 ± 1.3 (n = 6)-fold higher in cells on high LM when compared to those on low LM, and the synthesis of both tubulin proteins was regulated in a similar manner by the LM density. Importantly, the amount of tubulin mRNA also was found to be lower in hepatocytes on the low LM density (Figure 6 ). It is unclear under these physiological conditions whether this decrease in tubulin mRNA was due to changes in transcription rates or mRNA stability. However, increasing intracellular tubulin monomer concentrations by artificial means has been shown to lower tubulin mRNA stability and thereby "autoregulate" tubulin protein synthesis in a variety of cells, including cultured rat hepatocytes (Ben-Ze'ev et al., 1979; Cleveland et al., 1981; Caron et al., 1985a Figure 1 , and tubulin masses were determined as in Figure 3 .
Vol. (Danowski, 1989; Lamoureux et al., 1990; Kolodney and Wyslomerski, 1991) . Cell spreading induced by increasing ECM contact formation results in transfer of mechanical loads from MTs onto the ECM attachment foundation (Ingber and Jamieson, 1985; Joshi et al., 1985; Heideman and Buxbaum, 1990; Ingber 1993) . Thermodynamic analysis of MT polymerization suggests that transfer of mechanical loads from MTs to ECM would be expected to effectively decrease the critical concentration of tubulin monomer required to maintain an equilibrium with MTs and, thus, promote MT assembly if the tubulin monomer concentration remained constant. Decreasing cell-ECM contacts would do the opposite (Hill, 1981; Buxbaum and Heideman, 1988) . A constant MT mass could be maintained if the tubulin monomer concentration increased to this new critical concentration. However, it is unclear how a cell could alter the tubulin monomer concentration if tubulin autoregulation were the only mechanism controlling tubulin monomer levels. If the tubulin monomer concentration was not raised, MT disassembly and associated loss of differentiated function (e.g., MT-based secretion) would result.
The results of the present study indicate that cells can both vary their mass of tubulin monomer and stabilize MTs under conditions in which autoregulation appears to function normally. Primary rat hepatocytes cultured on surfaces coated with varying densities of ECM molecules maintained a constant mass of tubulin polymer, whereas the tubulin monomer mass was threefold higher within cells on a low versus a high ECM density. Importantly, tubulin mRNA levels and protein synthesis rates decreased as the set-point for tubulin monomer was raised, as would be predicted in cells that have been previously shown to exhibit tubulin autoregulation (Caron et al., 1985a) . The control over tubulin mRNA levels and tubulin protein synthesis observed here occurred without treating cells with tubulin-binding drugs or microinjection of tubulin monomer, as was necessary in past studies (Ben Ze-ev et al., 1979; Cleveland et al., 1981 Cleveland et al., , 1983 Caron et al., 1985a,b) . Thus, these results provide support for the physiological relevance of tubulin synthesis autoregulation. However, it is not possible to conclude that the observed change in tubulin mRNA levels resulted from alterations in message stability, as predicted by the classic tubulin autoregulation model (Ben Ze-ev et al., 1979; Cleveland et al., 1981 Cleveland et al., , 1983 , because neither mRNA stability nor tubulin gene transcription rates was measured in the present study.
Varying cell-ECM contacts altered the tubulin monomer set-point in cultured hepatocytes by changing the rate of tubulin protein degradation. The mechanism by which changes in cell-matrix interactions control tubulin turnover is unknown, although it could be related to associated changes in cell shape. For instance, changes in cell extension might alter the association of tubulin monomer with the cell membrane and thereby alter its accessibility to degradative enzymes. Alternatively, changes in tubulin-associated proteins could be responsible for altering tubulin degradation. Indeed, treatment Figure 7 . Cells adherent to a high LM density exhibited a higher rate of tubulin protein degradation. Cellular protein was extracted from 35S-methionine-labeled cells at the end of the 24-h labeling period (0 h), 48, and 96 h later. Immunoprecipitation of tubulin from extracted proteins was performed with a monoclonal antibody to i3 tubulin, as described in Figure 5 , and immunoprecipitated proteins from equal numbers of 35S-methionine-labeled cells were separated by molecular weight using SDS-PAGE. Autoradiographs of the resultant gels were analyzed by densitometry. The mean values presented represent the combined labeling of the a and , tubulin bands at each time point within autoradiographs obtained from three experiments. The initial amount of radiolabeled tubulin at the beginning of the chase (0 h) was set to 100% for cells in both conditions. of cultured hepatocytes with colcemid, which physically associates with monomeric tubulin, produces a dramatic decrease in the half-life of tubulin monomer (Caron et al., 1985a) . Finally, ECM binding to specific transmembrane integrin receptors could induce chemical modifications of tubulin (e.g., phosphorylation) by activating chemical signaling molecules (Hynes, 1992; Schwartz, 1992) , such as specific protein kinases, and thereby alter tubulin stability.
The resultant change in the tubulin monomer setpoint caused the percentage of tubulin present as MTs, relative to the total cellular tubulin, to increase from 30 to 70%. This result was independent of the specific ECM molecule utilized for cell adhesion. It also correlated directly with a switch in hepatocyte phenotype. Using the identical culture conditions, we have previously shown that high ECM densities that support cell spreading turn off differentiation-specific gene expression and turn on growth, whereas low ECM densities produce the opposite effect (Mooney et al., 1992 (Pipeleers et al., 1977) than when proliferating in vitro (Caron et al., 1985a) . Interestingly, these functional alterations do not correlate with changes in total MT mass, although they are associated with changes in the three-dimensional organization of the MT network (Figure 2) .
The mechanism by which varying ECM contacts maintain a new tubulin set-point is unclear. The possibility that changes in mechanical forces, rather than chemical signals (e.g., binding of specific membrane receptors), are primarily responsible for this type of regulation is supported by the finding that similar control over tubulin monomer mass was obtained using three different ECM molecules (FN, LM, and CI). Furthermore, cells that were plated on the lowest density of CI (1 ng/cm2) both spread more and exhibited lower tubulin monomer levels than cells adherent to a similar density of LM and FN. In other words, tubulin monomer levels were more tightly coupled to cell shape (projected cell area) than to the specific molecular coating density that was utilized. Thus, alterations in local thermodynamic parameters (Hill, 1981; Buxbaum and Heideman, 1988) because of changes in mechanical loads that are imposed on MTs as a result of cell spreading on ECM ) could be responsible for controlling the tubulin set-point. However, other explanations are also possible. For example, slower tubulin degradation observed in cells on a low ECM density could itself drive the rise in the monomeric tubulin mass. However, without a change in the mechanical loads on the MTs, the critical concentration of tubulin monomer would not change. Thus, once the tubulin monomer concentration increased above the critical concentration, MT polymerization and a net increase in MT mass would result. A significant increase in MT mass was not found in the present study. Alternatively, changes in cell spreading that physically distend the plasma membrane (Erickson and Trinkhaus, 1977) might alter association between tubulin monomer and cell membrane components (Caron and Berlin, 1987) and thus change the amount of tubulin monomer that is available for polymerization. In this manner a cell could maintain a constant concentration of free tubulin monomer in spite of increases in the total mass of tubulin present in the cell. Although this is possible, we would not expect to see a change in tubulin synthesis, because the concentration of free tubulin monomer would remain constant and tubulin synthesis autoregulation would not be called into play.
In summary, these data indicate that changing cell-ECM contacts can alter tubulin monomer levels in primary rat hepatocytes that simultaneously autoregulate tubulin synthesis. The set-point for the free tubulin monomer mass decreased in a dose-dependent fashion as the ECM coating density was raised and cell spreading was promoted. In contrast, the total mass of MT polymer remained essentially constant under all experimental conditions. These results are consistent with a model of tubulin regulation in which changes in mechanical loads that are transferred between MTs and the cell's ECM attachments during the process of cell spreading play a critical regulatory role. Whatever the mechanism behind these effects of ECM on tubulin me-tabolism, it appears that hepatocytes actively regulate their mass of tubulin monomer in such a way as to hold the total mass of MT polymer relatively constant. Furthermore, control of the set-point for tubulin monomer is accomplished by regulating both tubulin protein synthesis and degradation. This novel effect of ECM on tubulin protein breakdown may also represent a previously unrecognized target for ECM receptor (integrin)-based signaling mechanisms.
